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The recent advances in single atom detection and manipulation in experiments with
ultracold quantum gases are reviewed. The discussion starts with the basic principles
of trapping, cooling and detecting single ions and atoms. The realization of single atom
detection in ultracold quantum gases is presented in detail and the employed methods,
which are based on light scattering, electron scattering, field ionization and direct neutral
particle detection are discussed. The microscopic coherent manipulation of single atoms
in a quantum gas is also covered. Various examples are given in order to highlight the
power of these approaches to study many-body quantum systems.
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I. INTRODUCTION: DEALING WITH SINGLE
PARTICLES
Whenever new experimental techniques are developed,
new physical observables become accessible. The detec-
tion of single particles is an outstanding example which
has revolutionized our understanding of physics. This is
true for the highest energy scales such as studied in par-
ticle accelerators as well as for the lowest energy scales,
realized with ultracold quantum gases. In the realm of
quantum optics and ultracold quantum gases, the detec-
tion of single particles goes hand in hand with superb
preparation and manipulation techniques. The famous
quote of Erwin Schro¨dinger ”In the first place it is fair
to state that we are not experimenting with single par-
ticles, any more than we can raise Ichthyosauria in the
zoo” (Schro¨dinger, 1952) stands exemplary for the ever
ongoing technological progress in physics.
While single particle detection was realized almost one
hundred years ago by Charles Wilson with the help of his
cloud chamber, the full potential of quantum research
on the single particle level became accessible when ex-
perimentalists managed to control and read-out the in-
ternal and external degrees of freedom. This was first
achieved for charged particles, starting with the study
of single electrons in a Penning trap (Wineland et al.,
1973) and single ions in Paul traps (Neuhauser et al.,
1980; Wineland and Itano, 1981). Meanwhile, the control
over the motion and the internal states of trapped ions
has provided unprecedented insight into the microscopic
quantum world. The study of quantum jumps (Bergquist
et al., 1986; Sauter et al., 1986), the observation of the
quantum Zeno effect (Itano et al., 1990), the demonstra-
tion of quantum logical operations (Monroe et al., 1995;
Schmidt-Kaler et al., 2003) and a whole toolbox for quan-
tum simulation with trapped ions (Blatt and Roos, 2012)
have established cold ion systems as one of the leading
platforms in quantum research. At the same time, the
experimental capabilities to observe single particles have
triggered new theoretical concepts like, e.g., the quantum
trajectory approach (Carmichael, 1993; Dalibard et al.,
1992).
The control of neutral particles is based on static mag-
netic fields and absorptive or dispersive light forces (Ket-
terle et al., 1999; Phillips, 1998). The magneto-optical
trap (MOT) (Raab et al., 1987), a combination of a
magnetic quadrupole field and six mutually orthogonal
laser beams with properly chosen frequency and polar-
ization, is the most convenient way to cool neutral par-
ticles. In a single-atom MOT (Haubrich et al., 1996; Hu
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2and Kimble, 1994), only one atom is present at the time
and the continuous scattering of photons forms the ba-
sis of fluorescence imaging. By a careful analysis of the
photon statistics, even higher atom numbers can be dis-
criminated, culminating in the accurate counting of up
to 1200 atoms (Hume et al., 2013). In a MOT the contin-
uous absorption and emission of photons makes the co-
herent control of the atoms practically impossible, apart
from very short timescales. This limitation has been
overcome by the preparation of single atoms in optical
dipole traps (Alt et al., 2003; Kuhr et al., 2001; Schlosser
et al., 2001; Schrader et al., 2004), where photon scatter-
ing is highly suppressed. Such approaches are employed
to work with few particles, studying for instance quantum
walks (Karski et al., 2009), few-body quantum systems
(Serwane et al., 2011), entanglement (Wilk et al., 2010)
or coherent few-body dynamics (Barredo et al., 2015).
Experiments with single atoms interacting with a sin-
gle mode radiation field (An et al., 1994; Gleyzes et al.,
2007; Meschede et al., 1985; Nogues et al., 1999) have
also achieved an impressive level of control.
The advent of ultracold quantum gases has revolu-
tionized the research field of many-body physics. The
large number of available bosonic and fermionic atomic
species, the variety of trapping potentials and the ability
to tune the interaction offer a rich portfolio to study the
ground state properties of many-body quantum systems
and their dynamics. The realization of Bose-Einstein
condensation in dilute atomic gases (Anderson et al.,
1995; Bradley et al., 1995; Davis et al., 1995) has marked
the beginning of a still ongoing expansion of experimen-
tal and theoretical activities (Ketterle et al., 1999). An
important further milestone has been the implementa-
tion of strong interactions with help of so-called opti-
cal lattices - periodic potentials created by laser beams
which mimic the potential landscape in a solid (Bloch
et al., 2008). This has led to the observation of the su-
perfluid to Mott insulator transition in an ultracod gas
(Greiner et al., 2002). Non-interacting and interacting
fermionic quantum gases (Ketterle and Zwierlein, 2008)
have also entered the stage and the powerful technique
of Feshbach resonances (Chin et al., 2010), where the in-
teraction strength between two atoms can be set by an
external magnetic field, has enabled the observation of
the BEC-BCS crossover in ultracold Fermi gases (Ran-
deria and Taylor, 2014). Further developments include
the study of spinor systems (Stamper-Kurn and Ueda,
2013) and artifical gauge fields (Lin et al., 2009, 2011).
The conceptual simplicity of ultracold quantum gases,
their purity and the high level of experimental control
over their parameters make them ideal model systems
to study fundamental questions and to benchmark the-
oretical calculations (Bloch et al., 2012). Ultimately,
they can help to tackle the most challenging problems
in many-body physics such as high Tc superconductivity
(Dagotto, 2005).
Many of the above listed many-body systems encode
their properties in correlation functions and complex mi-
croscopic dynamics. A high resolution, single atom sen-
sitive detection method gives access to many of these
properties and greatly enlarges the prospects of ultra-
cold quantum gas research. And there are more fields,
where single atom detection and manipulation in an ul-
tracold quantum gas bears great potential: (i) Transport
of particles plays a central role in solid state systems.
With the help of ultracold quantum gases, fundamental
aspects of such transport processes can be studied un-
der controlled conditions (Brantut et al., 2012; Labouvie
et al., 2015b; Ronzheimer et al., 2013). High resolution
imaging techniques are thereby ideally suited to charac-
terize the microscopic transport dynamics. (ii) Under-
standing the non-equilibrium dynamics of closed inter-
acting quantum systems is another challenging problem
in many-body physics (Eisert et al., 2014; Langen et al.,
2014; Polkovnikov et al., 2011). The ability to design,
control and measure tailored quantum systems on the
single atom level paves the way towards understanding
local and global properties of non-equilibrium dynamics.
(iii) The evolution of an open many-body quantum sys-
tem is governed by the coupling of the system with an
environment. Engineering the action of the environment
can be a tool to produce and stabilize interesting many-
body quantum states (Diehl et al., 2008, 2011). High
resolution in situ addressability of a quantum gas is one
way to realize this (Barontini et al., 2013; Labouvie et al.,
2015a).
The many promising prospects of single atom detec-
tion in ultracold quantum gases are contrasted by the
experimental difficulties of imaging many neutral atoms
at small relative distances in an experimental setup
with plenty of optics installed and limited spatial ac-
cess. In the past years, several different experimen-
tal approaches have overcome these challenges. Exper-
iments with metastable helium atoms (Hodgman et al.,
2011; Jeltes et al., 2007; Schellekens et al., 2005; Vassen
et al., 2012) were among the first to detect single atoms
from an ultracold atomic gas. The technique relies on
the detection of the atoms in time of fight. After re-
lease from the trapping potential and a free fall of about
half a meter, the metastable atoms hit a position sen-
sitive detector and their three-dimensional density dis-
tribution is reconstructed. The single particle sensitivity
has been exploited to study correlation functions of Bose-
Einstein condensates, degenerate Fermi gases and ther-
mal clouds. Later on, an optical analogue of this prin-
ciple based on the fluorescence signal of atoms falling
through an optical light sheet has been demonstrated
(Perrin et al., 2012). The first optical in situ imag-
ing of single atoms in a three-dimensional optical lat-
tice was realized in Ref. (Nelson et al., 2007) by means
of optical fluorescence. With a lattice spacing of 5µm,
a high occupancy of excited states in each lattice site
3and an average filling of 1/2, the system was not in the
degenerate quantum regime. In situ detection of sin-
gle atoms inside a quantum gas was first achieved by a
scanning electron microscopy technique (Gericke et al.,
2008). Using a focused electron beam, atoms inside the
quantum gas are ionized by electron impact ionization
and detected. The spatial resolution of this technique
is set by the diameter of the electron beam. To date,
electron microscopy is still the imaging technique that
achieves the highest resolution (about 150 nm (Gericke
et al., 2008)). Single atom-resolved optical fluorescence
imaging of a quantum gas in a two-dimensional optical
lattice has been achieved shortly afterwards for rubidium
atoms (Bakr et al., 2009, 2010; Sherson et al., 2010) and
later on for ytterbium atoms (Miranda et al., 2015; Ya-
mamoto et al., 2016), lithium atoms (Omran et al., 2015;
Parsons et al., 2015) and potassium atoms (Cheuk et al.,
2015; Edge et al., 2015; Haller et al., 2015). It relies on
the spatially resolved detection of fluorescence light emit-
ted by the atoms while they are exposed to light fields.
During the exposure time the atoms remain pinned to
the underlying lattice structure. This is achieved by ei-
ther using laser cooling schemes such as optical molasses
(Bakr et al., 2009; Sherson et al., 2010; Yamamoto et al.,
2016), Raman sideband cooling (Cheuk et al., 2015; Om-
ran et al., 2015; Parsons et al., 2015) and so-called EIT
cooling (Edge et al., 2015; Haller et al., 2015) or by com-
bining deep enough optical potentials for the ground and
excited state of the atomic transition with a short ex-
posure time (Miranda et al., 2015). These approaches
are the only ones that combine in situ imaging of atoms
with single site resolution and almost unit detection fi-
delity. They have been used for a series of fundamen-
tal studies of strongly correlated quantum systems (see,
for instance, Refs. (Cheneau et al., 2012; Endres et al.,
2011; Fukuhara et al., 2013b; Preiss et al., 2015a)). The
successful imaging of lithium and potassium atoms repre-
sents the first single atom detection in fermionic quantum
gases.
Detecting the position and the internal state of single
atoms in a quantum gas is a powerful way to characterize
a many-body quantum state. Manipulating single atoms
– coherently or incoherently – is an add-on which draws
a straight connection to non-equilibrium physics. This
has been shown by dynamical studies of quantum gases
subject to local excitations or density quenches (Endres
et al., 2011; Fukuhara et al., 2013b; Labouvie et al.,
2015b; Preiss et al., 2015a; Weitenberg et al., 2011). Be-
cause the measurement of a particle has an influence on
the remaining system, single atom detection in an ultra-
cold quantum gas is also closely related to the study of
open quantum systems (Breuer and Petruccione, 2002).
Thereby, it literally provides a direct visualization of the
quantum to classical transition.
The present review aims at a presentation of the state-
of-the-art of single atom detection in ultracold quantum
gases. The review is organized as follows: in Section II,
we will briefly review the techniques employed for prepar-
ing and detecting single atoms in a more general context,
including single ions, electrons and atoms. Many tech-
niques for ultracold quantum gases are inspired or di-
rectly related to these experiments and many concepts
can be clarified with the help of these few-body systems.
Section III is the main part of this review and summarizes
various techniques for single atom detection in a quan-
tum gas based on ionization, neutral particle detection
and photon scattering. The technical description of the
detection is illustrated by experimental studies, which ex-
emplify the potential of the imaging technique. Section
IV is devoted to the manipulation of single atoms in a
quantum gas. An outlook on the future perspectives and
their impact on the research field of ultracold quantum
gases is given in Section V.
II. PREPARATION AND DETECTION OF INDIVIDUAL
IONS AND ATOMS
A. Ions
The preparation of ultracold ions relies on laser cool-
ing techniques in a Penning or Paul trap. Penning traps
employ a strong homogeneous magnetic field, which pro-
vides the confinement in one plane. An electrostatic field
confines the ions in the perpendicular direction. Be-
cause they only use static fields, they are especially suited
for precision measurements (Blaum et al., 2010; Brown
and Gabrielse, 1986). In the context of quantum optics,
many-body physics and quantum information processing,
Paul traps are more common. They use time-dependent
electric fields which are created by small electrodes of
centimeter or millimeter size. The resulting trap geome-
tries can be linear or planar. Alternatively, the electrodes
can be implemented on a micro-fabricated chip, which al-
lows for a small trap volume and large flexibility in the
trap geometry. In most cases, the resulting confining po-
tential for the ions can be approximated by a harmonic
oscillator potential in all three directions (this also holds
for the neutral atoms discussed in the next subsection)
V (x, y, z) =
1
2
mω2xx
2 +
1
2
mω2yy
2 +
1
2
mω2zz
2, (1)
where ωi denotes the oscillation frequencies in the i-
direction. The frequencies of an ion trap are in the kHz
to MHz range and provide a steep and deep trapping po-
tential which can exceed the thermal energy scale. Ions
can then be trapped for months. The loading can be re-
alized by ionizing neutral atoms from a background gas
within the trapping volume. After the first demonstra-
tion of cooling and trapping a single Barium ion in a
Paul trap (Neuhauser et al., 1980) various laser cooling
techniques have been developed for ions and we refer to
4100 µm
FIG. 1 Fluorescence image of a two-dimensional ion crystal
consisting of several hundred beryllium ions in a Penning trap.
The ions arrange in a triangluar lattice structure and the lat-
tice constant is d = 20µm. Employing spin-dependent dipole
forces, an effective spin-spin interaction between the ions can
be induced. Taken from Ref. (Britton et al., 2012)
the literature for a detailed discussion (Adams and Riis,
1997; Diedrich et al., 1989; Eschner et al., 2003; Letokhov
et al., 1995; Stenholm, 1986)) The fluorescence photons
which are produced during the laser cooling allow for the
detection of the ions by simply collecting them with a
high numerical aperture imaging system. The photon
detection is typically done with a sensitive CCD cam-
eras. When more than one ion is trapped, the Coulomb
repulsion between the ions leads to regular patterns such
as linear chains, zig-zag structures or helical structures
(Birkl et al., 1992). Fig. 1 shows the fluorescence image
of a trapped ion crystal in a planar Penning trap, show-
ing Wigner crystallization (Britton et al., 2012). The
typical distance between individually trapped ions is on
the order of ten micrometer, which can be resolved by an
imaging system with moderate resolution.
Apart from fluorescence imaging, ions can also be de-
tected by a particle detector. Continuous or discrete dyn-
ode electron multipliers are used in many cases. Similar
to photomultipliers and avalanche diodes, these detectors
do not resolve the position of the particle, apart from
specially fabricated detector arrays. The detection effi-
ciency depends on the ion energy and can reach values
close to 1 (Koizumi and Chihara, 2009). Multi-channel
plates (MCP) in combination with a phosphor screen plus
CCD camera or in combination with a delay line anode
provide a spatial resolution down to 100µm. MCPs have
a lower detection efficiency of 40-60%, which originates
from the ratio between the plain surface and the holes.
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FIG. 2 Fluorescence signal of individual cesium atoms in a magneto-optical trap. On a timescale of several tens of seconds,
the atoms enter or leave the trap. The fluoresecence detection is sensitive enough to distinguish the different atom numbers.
The histogram shows the time-averaged atom number distribution. Taken from Ref. (Gomer and Meschede, 2001)
B. Neutral atoms
The forces which can be exerted on neutral atoms by
magnetic and electric fields are much weaker than the
electrostatic forces in an ion trap. The potential energy of
an atom with a magnetic moment of one Bohr magneton
in a magnetic field of 1000 G is five orders of magnitude
smaller than that of a singly charged ion in an electric
potential of 1 V. For the coupling of the electric dipole
moment of an atom to the oscillating electric field of a
laser, similar arguments apply. Traps for neutral atoms
are therefore much shallower compared to ion traps and
the oscillation frequencies are in the Hz and kHz regime.
This goes along with a much smaller trap depth. Laser
cooling of neutral atoms therefore requires more sophisti-
cated techniques and the single particle detection is more
challenging. The magneto-optical trap (MOT) (Raab
et al., 1987) is the first stage in practically all ultracold
atom experiments and was the first system, where a single
neutral particle has been trapped (Haubrich et al., 1996;
Hu and Kimble, 1994). Even though a MOT features a
rather large trap depth compared to conservative mag-
netic and optical traps, the energy transfer in a collision
with a background gas atom suffices to remove the atom
from the trap. This limits the lifetime of a neutral par-
ticle in a MOT to a few tens of seconds, depending on
5the vacuum level (Cohen-Tannoudji and Gue´ry-Odelin,
2011).
In a single-atom MOT, the continuous laser cooling
leads to a stochastic motion of the atom which performs
a random walk in an area of several tens of micrometers.
At the same time, the laser cooled atom scatters pho-
tons, which are collected by a detector. Fig. 2 shows the
fluorescence signal of a few atom MOT over several min-
utes (Gomer and Meschede, 2001). During that time, the
atoms stochastically enter and leave the trapping area. In
order to efficiently confine the trapped atom and to keep
the overall atom number in the MOT small, the magnetic
field gradient b of the MOT is one order of magnitude
higher compared to a standard MOT with large atom
number. The large magnetic field gradient decreases the
trapping volume, whose radius scales as b−14/3 (Haubrich
and und D. Meschede, 1993). By a careful analysis of the
fluorescence statistics, up to 1200 atoms can be counted
accurately (Hume et al., 2013). Such capabilities are a
powerful feature of magneto-optical traps and are often
combined with the previous manipulation in conserva-
tive magnetic and optical traps. Single atom counting in
a MOT has also applications in atom trap trace analysis
of elements with extremely low abundance (Jiang et al.,
2011; Ritterbusch et al., 2014).
In a MOT, the trapping principle requires the contin-
uous absorption and emission of photons. Coherent ma-
nipulation of atoms is therefore practically impossible,
apart from very short timescales. The coherent manipu-
lation of atoms and further applications in quantum in-
formation processing require the loading of single atoms
in optical trapping potentials (Grimm et al., 2000). In
such a trap, photon scattering is strongly suppressed be-
cause the dispersive atom-light interaction which is re-
sponsible for the conservative trapping potential scales
as I/∆ (I is the laser intensity and ∆ is the detuning
from the atomic resonance), while the scattering rate,
which is responsible for the heating, scales as I/∆2. For
a large detuning ∆ the latter can be made sufficiently
small and the atoms can be trapped for several tens of
seconds without significant heating.
The most simple optical dipole trap for single atoms is
a tightly focused laser beam which intersects a magneto-
optical trap (Frese et al., 2000). Due to the small focus
(typically ten micrometer or less), the trap depth is in the
mK regime and exceeds the temperature of the atoms
in the MOT by at least one order of magnitude. The
atoms can therefore be trapped by simply switching off
the MOT at the end of the loading sequence. The number
of atoms which is loaded in a dipole trap usually follows a
Poissonian distribution (Fuhrmanek et al., 2010). How-
ever, for sufficiently strong confinement (one micrometer
focus diameter), the trap volume is so small that the si-
multaneous presence of two or more atoms in the trap
leads to light-assisted collisions. Such a collision leads
to pairwise loss of the atoms. As a consequence, only no
atom or one atom are present in the trap and the number
statistics is strongly sub-Poissonian with a probability of
about 50 % for the presence of a single atom (Schlosser
et al., 2001; Weber et al., 2006). As only a few milliwatt
of laser power are needed for such small traps, arrays
of microtraps can be created with spatial light modula-
tors (Knoernschild et al., 2010; Nogrette et al., 2014).
A near deterministic loading scheme which achieves an
efficiency of 87 % has been reported in Ref. (Gru¨nzweig
et al., 2010).
One-dimensional optical lattices are also used to trap
single atoms loaded from a MOT (Alt et al., 2003; Kuhr
et al., 2001). The optical lattice provides a strong con-
finement in one direction and can be used to trap several
atoms at well defined sites in the lattice (Miroshnychenko
et al., 2006; Schrader et al., 2004). Optical cavities of-
fer another way to study single atoms. Due to the cav-
ity, the interaction between the light and the atom is
strongly increased. The small spacing between the two
cavity mirrors (usually below one millimeter) prevents
direct loading and the atoms are often launched from a
MOT into the cavity (Hood et al., 2000; McKeever et al.,
2003; Puppe et al., 2007; Ye et al., 1999).
After being loaded into the dipole trap, the temper-
ature 1 of the atoms is given by the temperature of the
MOT. In some cases, the temperature is additionally low-
ered by sub Doppler cooling mechanism like optical mo-
lasses or polarization gradient cooling (Adams and Riis,
1997). In order to image the atoms in the dipole trap, the
MOT and the dipole trap are operated simultaneously.
The fluorescence is captured by a high NA objective and
imaged on a sensitive CCD camera. The fluorescence
light is typically collected for tens or hundreds of mil-
liseconds during which 103 to 104 photons per atom are
detected. As the atoms are hold in place by the dipole
trap, a fluorescence image of the atom is obtained.
For many applications, the temperature of the atoms
and the corresponding thermal motion in the dipole trap
are not relevant. However, especially in the context of
many-body quantum system, the full control over the ex-
ternal degree of freedom is necessary. Two strategies are
pursued to achieve this. The first one seeks to directly
cool the atoms to the ground state of the trapping po-
tential. Raman sideband cooling is the most commonly
used technique. It has been explored for trapped ions in
great detail (Eschner et al., 2003) and has been trans-
ferred to atoms trapped in optical lattices (Belmechri
et al., 2013; Cheuk et al., 2015; Omran et al., 2015; Par-
sons et al., 2015; Patil et al., 2014a; Vuletic´ et al., 1998),
optical dipole traps (Lester et al., 2014) and optical cav-
ities (Boozer et al., 2006; Reiserer et al., 2013). Fig. 3
1 The temperature of a single trapped particle is usually defined
as the average over the occupied energy states.
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FIG. 3 Raman sideband cooling for lithium 6 as realized in
a quantum gas microscope. The Raman transition from the
F = 1/2 to the F = 3/2 hyperfine state of lithium removes
one vibrational quantum from the particle’s energy (left).
Within the repumping process (right) the vibrational state
is not altered. Taken from Ref. (Parsons et al., 2015).
sketches the basic principle. Raman sideband cooling is
most efficiently done in the so-called Lamb-Dicke regime,
where the photon recoil energy is much smaller than the
harmonic oscillator energy ~ω. This ensures that the in-
ternal state of the atom is only slightly coupled to its
motional state and the latter is practically conserved in
a spontaneous emission event. The tight confinement in
a single atom trap fulfills in general this condition. Be-
cause spontaneous emission is part of the cooling cycle,
it can be used for fluorescence imaging. Raman sideband
cooling is particularly useful when optical molasses do
not achieve a low enough temperature to keep the atoms
pinned to the trap.
The second strategy starts from a Mott insulator state
in an optical lattice, which features ground state occupa-
tion from the very beginning. The desired atomic distri-
bution is obtained by removing all other atoms. This ap-
proach bears the advantage that a large number of atoms
can be prepared simultaneously. A more detailed discus-
sion and examples for this are given in sections III.B and
IV.
III. DETECTING SINGLE ATOMS IN A QUANTUM GAS
The interest in ultracold quantum gases ranges from
the quantum simulation of many-body systems, quantum
optics, quantum information processing, transport phe-
nomena and open system control to sensing and metrol-
ogy. Many of these topics can benefit from single atom
detection capabilities. While single atom sensitivity is
mandatory for tasks like quantum information processing
(Raussendorf and Briegel, 2001) or the measurement of
higher order correlations and string order (Endres et al.,
2011; Preiss et al., 2015a), also more ”classical” problems
such as the precise measurement of density distributions
(Vogler et al., 2013; Wu¨rtz et al., 2009), pair correlation
measurements (Guarrera et al., 2011) or impurity physics
(Spethmann et al., 2012) can take advantage from it.
The requirements for single atom detection in a quan-
tum gas are more stringent compared to ion systems:
the interesting length scales are smaller and the trap-
ping potential for neutral atoms is much shallower. This
becomes particularly clear in the case of the Hubbard-
and Bose-Hubbard Hamiltonian, which are extensively
studied in the research field of ultracold quantum gases
(Bloch, 2005; Bloch et al., 2012):
HBH = −J
∑
〈i,j〉
b†i bj +
U
2
∑
i
ni(ni − 1) (2)
HH = −J
∑
〈i,j〉,σ
c†i,σcj,σ + U
∑
i
ni↑ni↓. (3)
Here, J is the tunneling coupling, U is the onsite in-
teraction energy, and 〈i, j〉 denotes nearest neighboring
lattice sites. The bosonic creation and annihilation op-
erators are b†i and bi (ni = b
†
i bi), the fermionic creation
and anihilation operators are c†i,σ and ci,σ, where σ =↑,
↓ denotes the spin state and ni↑ = c†i↑ci↑, ni↓ = c†i↓ci↓.
In a typical experimental realization of these Hamilto-
nians with ultracold atoms, the wavelength of the fluo-
rescence light is comparable to the lattice spacing. As a
consequence, the distance between two sites in an optical
lattice is on the order of the optical diffraction limit of
the detection method. Therefore, a single site resolved
imaging technique has to come close to this limit. Also
in bulk systems, where no lattice potential is present,
various length scales are below one micrometer. For in-
stance, the healing length in a Bose-Einstein condensate
(Ketterle et al., 1999) typically amounts to several hun-
dreds of nanometers and the size of a vortex (Madison
et al., 2000) or a soliton (Becker et al., 2008) is directly
related to it. At densities above 1012 cm−3, the average
interatomic distance is also below one micrometer. An-
other example is the spatial extension of the pair correla-
tions in a strongly interacting one-dimensional quantum
gas which is given by the interparticle distance (Guarrera
et al., 2012). Sub-micrometer resolution is therefore a ne-
cessity for efficient single atom detection in a quantum
gas.
The production of ultracold quantum gases is a sub-
ject on its own and not part of this review. Detailed de-
7scriptions can be found in (Cohen-Tannoudji and Gue´ry-
Odelin, 2011; Ketterle and Zwierlein, 2008; Ketterle
et al., 1999). We here assume that the quantum gas
is already prepared and resides in an optical dipole trap
(Grimm et al., 2000) or a magnetic trap (Forta´gh and
Zimmermann, 2007). In the following, we discuss single
atom detection based on direct neutral particle detection,
ionization, and light scattering.
A. Direct particle detection
A neutral particle in a metastable internal state can
store enough energy to release electrons upon contact
with a surface. This principle is exploited in ultra-
cold atom experiments with metastable noble gas atoms
(Vassen et al., 2012). The atoms are prepared in the
spin triplet state, which also provides a magnetic moment
to trap the atoms magnetically. Experiments in the de-
generate regime have been carried out with bosonic 4He
and fermionic 3He atoms (Hodgman et al., 2011; San-
tos et al., 2001; Schellekens et al., 2005; Tychkov et al.,
2006). The detection principle is sketched in Fig. 4. After
release from the trap, the atoms hit a microchannel plate
which is located below the cloud. Once the atoms touch
the surface of the MCP, the internal state is quenched
and the release energy ejects electrons from the surface.
These electrons are accelerated in the MCP, leading to
a detectable signal. Due to the spatial resolution in two
dimensions and the additional temporal information in
the third direction, this technique provides the recon-
struction of the full three-dimensional atom distribution.
The technique works only in a time of flight arrangement
and reaches a detection efficiency of about 25 % This is
lower than the typical detection efficiency of an MCP
for charged particles (40 - 60 %) and has its origin in
the different detection process. The single particle sen-
sitivity has enabled the observation of a series of funda-
mental quantum optical effects, ranging from Hanbury
Brown and Twiss correlations for bosons (Schellekens
et al., 2005) and fermions (Jeltes et al., 2007), four wave
mixing (Perrin et al., 2007), third order correlation func-
tions (Hodgman et al., 2011) to the demonstration of a
Hong-Ou Mandel interferometer for atom pairs (Lopes
et al., 2015).
A related optical fluorescence technique follows a sim-
ilar working principle and measures the transit of sin-
gle atoms through a light sheet which is located below
the atomic sample. While the atoms are falling through
the light sheet, a CCD camera records the fluorescence
traces. This has been used to measure Hanbury Brown
and Twiss correlations across the Bose-Einstein conden-
sation threshold (Perrin et al., 2012). The technique can
in principle be adopted to all atomic species used in cold
atom experiments.
FIG. 4 Schematics for single particle detection of metastable
noble gas atoms. The atoms are prepared in a spin triplet
state and fall onto a micro channel plate, once the trapping
potential is switched off. The internal energy of the atoms cre-
ates free electrons from the surface, which are subsequently
detected by the channel plate. With permission from C. West-
brook.
B. Ionization
Ionization of a neutral particle and subsequent ion de-
tection is another technique that can be used to detect
single particles in ultracold quantum gases. It also al-
lows for time-resolved studies of the quantum gas. The
ionization process can be performed by electron impact
ionization, photo- and field ionization as well as intrinsic
ionizing collisions. The detection of the ions is realized
with a channeltron, a discrete electron multiplier or a
multi-channel plate.
1. Electron impact ionization
The first high resolution imaging of single atoms in a
quantum gas was realized with a scanning electron micro-
scope (Gericke et al., 2008). This approach employs the
electron impact ionization of neutral atoms with the help
of a focused electron beam (Gericke et al., 2006). The
working principle is the following (see Fig. 5): an elec-
tron column provides a focused electron beam which is
scanned across an ultracold quantum gas (Gericke et al.,
2007). The diameter of the electron beam is between
100-500 nm and the beam current ranges from 10-500 nA.
Electron impact ionization creates ions, which are ex-
tracted with an electrostatic field and detected by a chan-
neltron. The small diameter of the electron beam ensures
a high spatial resolution, whereas the ion detection pro-
vides single-atom sensitivity. A typical imaging sequence
consists of a rectangular scan pattern of 100 ms duration,
in which a few hundred atoms are detected. The over-
all detection efficiency is limited by the branching ratio
between electron impact ionization and non-ionizing col-
lisions and amounts to 10 - 20 %. As the cross-section
8for electron-atom scattering (σtot = 1.78 ± 0.14 × 10−16
cm2 (Wu¨rtz et al., 2010b)) is eight orders of magnitude
smaller than the absorption cross-section of a resonant
photon, the atomic cloud is optically thin for the electron
beam. For typical parameters, only one out of 500,000
incident electrons undergoes a collision.
The high spatial resolution of the imaging technique is
illustrated in Fig. 5c. The images show a Bose-Einstein
condensate of rubidium atoms which is loaded in a one-
or two-dimensional optical lattice. From a quantitative
evaluation one can deduce a spatial resolution better tahn
150 nm (Gericke et al., 2008). The technique can also be
used for single-site manipulation in an optical lattice. To
this purpose, atoms are removed selectively from individ-
ual sites by means of collisions with the focused electron
beam. In this way, arbitrary patterns of occupied lattice
sites can be produced (Wu¨rtz et al., 2009). Several exam-
ples are presented in Fig. 5. A more detailed description
of scanning electron microscopy of ultracold gases and
more experiments exploiting this technique can be found
in Ref. (Santra and Ott, 2015).
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FIG. 5 Scanning electron microscopy of ultracold quantum gases. (a) The electron column, represented by the dashed line,
provides a focused electron beam, which intersects the atomic sample, prepared in an optical dipole trap. (b) The electron
beam is scanned across the cloud. Electron impact ionization produces ions, which are guided with an ion optical system
towards a channeltron detector. Taken from Ref. (Wu¨rtz et al., 2010a). (c) Preparation and detection of arbitrary patterns of
Bose-Einstein condensed atoms in a two-dimensional optical lattice with a spacing of 600 nm. Taken from Ref. (Wu¨rtz et al.,
2009).
2. Photoionization
A scanning probe technique can also be realized with
the help of photoionization, where ground state atoms are
ionized in a single- or multiple photon absorption process
(Anderlini et al., 2004; Kraft et al., 2007; Stibor et al.,
2010; Viteau et al., 2010). For most atoms, single photon
ionization is challenging, as the required wavelength is in
the ultraviolet spectral region. In the case of rubidium -
the workhorse of cold atom experiments - the wavelength
is 297 nm. While this can in principle be achieved with
the help of frequency doubling (Manthey et al., 2014),
two-photon (Courtade et al., 2004) or even three-photon
(Dodhy et al., 1987) excitation schemes are more common
because of the larger cross sections. The ionization cross
section for single photon ionization from the ground state
of rubidium is σ5s = 1.7×10−20 cm2 (Lowell et al., 2002).
The cross section from the first excited state of rubidium
is already a factor of 1000 larger, σ5p = 1.48× 10−17 cm2
(Gabbanini et al., 1997). In order to achieve a high spa-
tial resolution that is competitive with other techniques,
the focus of the laser beams has to be smaller than 1µm.
The high intensity that is created by the small focus re-
laxes the conditions for beam power and a few milliwatt
of laser power leads to an ionization rate in the MHz
range, even for a single photon process. Care has to be
9taken due to the dispersive light forces, which can attract
or repel the remaining atoms. Note that the ionization in
a multi-photon process can be made state-selective. Pho-
toionization has been applied to thermal rubidium atoms
(Kraft et al., 2007) and Bose-Einstein condensates of ru-
bidium (Viteau et al., 2010).
3. Field ionization
Ground state atoms need electric fields of 107 −
108 V/cm to be field ionized. Sharp tips such as that of
carbon nanotubes are capable to provide electric fields of
this magnitude. In Ref. (Gru¨ner et al., 2009) it has been
shown that carbon nanotubes can rapidly field ionize ru-
bidium ground state atoms in the vicinity of the tip. This
has the potential to establish a spatially resolved atom
detection close to surfaces.
In the research field of Rydberg physics, field ioniza-
tion is the workhorse for atom detection. Electric fields
on the order of 1− 2 kV/cm are already sufficient to in-
stantly ionize the highly excited atoms. With the help
of an inhomogeneous electric field close to a tip, spa-
tial correlations between Rydberg atoms have been de-
tected (Schwarzkopf et al., 2011, 2013). The sensitivity of
Rydberg atoms to focused electron beams has also been
studied (Manthey et al., 2014). With the help of single
site single atom fluorescence imaging (see also next sub-
section), individual Rydberg atoms in an optical lattice
have been detected and an emerging crystalline struc-
ture, which is mediated by the long range interaction
between the Rydberg atoms, has been observed (Schauß
et al., 2015). While the field of Rydberg physics has
strong connections to the research of ultracold quantum
gases, a more detailed discussion of the detection mech-
anisms is beyond the scope of this review. We refer to
Refs. (Gallagher, 1988; M. Saffman and Mølmer, 2010;
Marcassa and Shaffer, 2014) for a deeper insight into this
field.
C. Light scattering
We begin this section with a brief reminder of the basic
fluorescence and absorption processes. We approximate
the atom with an ideal two-level system with transition
frequency ω0 and decay rate γ. The atom is driven by
a light field E(t) = E0 sinωLt, where ωL is the angular
frequency of the light field and E0 is its amplitude. The
photon scattering rate of an atom exposed to the light
field is then given by
Γscat =
γ
2
Ω2/2
Ω2/2 + γ2/4 + ∆2
, (4)
where Ω = dE0/~ is the Rabi frequency, d is the dipole
matrix element of the transition and ∆ is the detuning.
The scattered photons are emitted into the full solid angle
and their spatially resolved detection forms the basis for
fluorescence imaging. In absorption imaging, the atten-
uation of the light beam during the propagation through
the cloud is measured. This follows Beer’s law and yields
I(x, y) = I0(x, y)Exp
[
−σ
∫
n(x, y, z)dz
]
, (5)
where n(x, y, z) is the density of target atoms, I0(x, y)
is the initial intensity and I(x, y) is the intensity behind
the atomic ensemble. The absorption cross section σ is
connected to the scattering rate (4):
σ =
~ωL
2Isat
γ2
1 + 4∆2/γ2
. (6)
Here, Isat = pihcγ/(3λ
3) is the saturation intensity of
the transition (Cohen-Tannoudji et al., 1998) and we
have assumed that I0 < Isat. A more detailed de-
scription of atom-light interaction can be found, e.g.,
in (Cohen-Tannoudji and Gue´ry-Odelin, 2011; Cohen-
Tannoudji et al., 1998; Grynberg et al., 2010).
1. Fluorescence in an optical lattice
Single atom resolved imaging of a quantum gas in a
two-dimensional optical lattice with sub-micrometer lat-
tice spacing has been first demonstrated in Refs. (Bakr
et al., 2009, 2010; Sherson et al., 2010) (see Fig. 6 and
Fig. 7). The imaging relies on the detection of fluores-
cence light, which is emitted by the atoms upon exposure
the near-resonant light fields. Several constraints have to
be taken into account:
• The high resolution which is required to resolve
submicrometer length scales requires an optical
imaging system working at the diffraction limit.
• The resulting short depth of focus requires the con-
finement of the atoms to a single plane.
• Within that plane, the atoms have to be pinpoint to
their position while they are imaged. This entails
the use of a two-dimensional optical lattice.
• As the atoms undergo many subsequent absorption
and emission cycles, the applied light field are usu-
ally designed to provide laser cooling. The lattice
potential has then to be deep enough to suppress
thermal hopping during the imaging.
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FIG. 6 High-resolution fluorescence images of a Bose-Einstein condensate and Mott insulators in a two-dimensional optical
lattice. The top row shows experimentally obtained raw images of a Bose-Einstein condensate (a) and Mott insulators of
rubidium atoms for increasing particle numbers (b-g). The middle row shows numerically reconstructed atom distribution on
the lattice. The images were convoluted with the point spread function. The bottom row shows the reconstructed atom number
distribution. From Ref. (Sherson et al., 2010).
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FIG. 7 Single-site imaging of atom number fluctuations across the superfluid-Mott insulator transition. (A to D) Top row: In
situ fluorescence images of rubidium atoms from a region of 10 × 8 lattice sites within the n = 1 Mott shell that forms in a
deep optical lattice. In the superfluid regime (A and B), sites can be occupied with odd or even atom numbers, which appear
as full or empty sites, respectively, in the images. In the Mott insulator, occupancies other than 1 are highly suppressed (D).
Middle row: reconstructed site occupancy. Solid and open circles indicate the presence and absence, respectively, of an atom
on a site. Bottom row: Time-of-flight fluorescence images after 8-ms expansion. From Ref. (Bakr et al., 2010).
In these first experiments, which were all carried out
with rubidium atoms, an optical molasses was used to
provide the necessary cooling. During the optical mo-
lasses the atoms isotropically emit photons with scatter-
ing rate Γscat (see Eq. 4). The magnitude of Γscat depends
on the parameters of the optical molasses. Typical val-
ues are on the order of Γscat = 10
5 s−1. A quantitative
discussion of the fluorescence imaging of dense clouds of
neutral atoms can be found in Refs. (Cirac et al., 1996;
Shotter, 2011). The solid angle that is captured by the
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imaging system determines the number of collected pho-
tons per atom
Nph = ΓscatΩTτη, (7)
where Ω = (NA)2/4 is the solid angle that is captured
by the imaging system, NA is the numerical aperture,
T is the transmission of the optics, τ is the exposure
time and η is the quantum efficiency of the CCD camera
which collects the photons. For a numerical aperture of
NA = 0.7, which requires a dedicated imaging system
close to the atoms, a few thousand photons per atom are
detected within a typical exposure time of a few hundred
milliseconds. This large number of photons translates
into a detection fidelity of more than 99.5 %. The ex-
posure time is ultimately limited by the appearance of
background gas collisions.
During the imaging, the optical lattice potential has to
be much deeper than the temperature set by the optical
molasses. Typical temperatures are on the order of 10 -
20µK and the lattice potential has to be a factor of 10
stronger in order to keep the atoms confined. Expressed
in terms of the recoil energy, Vlattice ≈ 1000 × Erecoil.
Such deep optical potentials require high power lasers
(e.g. 100 W YAG laser), focused down to a beam waist
of a few tens of micrometers. If the optical lattice was
too shallow, the atoms start hopping during the imaging
procedure (Bakr et al., 2009).
The optical molasses cooling discussed above does not
work for all atomic species and different cooling tech-
niques have to be used. In the recent experiments with
single fermionic atoms, two different strategies have been
pushed forward, both having their origin in laser cooling
of trapped ions. Raman sideband cooling (Fig. 3) has
been applied to fermionic lithium atoms (Omran et al.,
2015; Parsons et al., 2015) and potassium atoms (Cheuk
et al., 2015). Alternatively, electromagnetically induced
transparency (EIT) cooling (Morigi et al., 2000; Roos
et al., 2000) has been used for potassium (Edge et al.,
2015; Haller et al., 2015). In this scheme, the EIT con-
dition in a λ-type of system prevents the absorption of
a cooling laser, except for the situation where one vi-
brational quantum can be removed from the atom. In
all three schemes, the scattered photons of the cooling
scheme form again the basis for the imaging. For the
imaging of single ytterbium atoms (Miranda et al., 2015)
no dedicated laser cooling scheme was used, but the imag-
ing was made fast enough to prevent the atoms from hop-
ping between the lattice sites.
Resolving the fluorescence of single atoms residing in
a lattice with 500 nm spacing is a major challenge. How-
ever, the requirements on the spatial resolution are a bit
relaxed, if one applies the concept of the point spread
function (PSF). It describes the intensity distribution of
a point-like source in the imaging plane. The signal of an
atom is then given by the convolution of the PSF with the
atomic density distribution. As every atom is identical,
the collected fluorescence of many atoms in the lattice
is the sum over individual, identical signals. The spatial
distribution of the atoms can then be reconstructed with
high fidelity in a post processing step. This principle was
first demonstrated in a one-dimensional optical lattice
with 433 nm period and sparse filling, where neighboring
atoms could be identified despite a σ-width of the point-
spread function of 810 nm (Karski et al., 2009). The ex-
tension of this technique to two-dimensional lattices is
now routinely applied.
As the depth of focus is limited to a few microme-
ters, essentially only two-dimensional samples are stud-
ied in the experiment. The atoms are either initially
loaded in only one plane of a perpendicular optical lat-
tice (Bakr et al., 2010) or the experiment starts from
a three-dimensional lattice configuration, from which all
atoms but those in a single plane are removed (Sherson
et al., 2010). This is realized by applying a magnetic field
gradient and performing a microwave frequency sweep,
which flips the spins of the atoms in all planes. The
plane of interest is then flipped back again by a resonant
microwave pulse. The remaining atoms are subsequently
removed by a resonant laser pulse.
The resolution requirements can be relaxed if the lat-
tice spacing is larger. In this case, even the full three-
dimensional reconstruction of the atom distribution is
possible by translating the objective with a piezoelec-
tric actuator and imaging all planes successively (Nelson
et al., 2007). The detection of atoms in an optical lattice
for a lattice spacing of 2µm, where tunneling is present,
has been reported in Ref. (Itah et al., 2010). As tunneling
for lattice constants larger than one micrometer is rather
slow, such approaches are more relevant in the context
of quantum information processing.
An important characteristic of fluorescence imaging in
an optical lattice is the so-called parity-projection. As
two atoms at the same lattice site can rapidly undergo
a light-assisted collision (Sompet et al., 2013), they dis-
appear at the very beginning of the imaging sequence.
Lattice sites with more than two atoms have either one
atom left (odd initial atom number) or no atom left (even
initial atom number). The detection can also be made
internal state-sensitive through the combination of a con-
trolled push out of atoms in one internal state with the
detection of the remaining atoms in the other internal
state.
The successful realization of single atom fluorescence
imaging in a quantum gas, has allowed for the first study
of single atom resolved bosonic Mott insulators (Bakr
et al., 2010; Sherson et al., 2010). Fig. 6 and Fig. 7 reveal
the high level of single atom control in these experiments.
Shortly afterwards, a series of ground-breaking exper-
iments of many-body quantum phases and correlated
many-body quantum dynamics have been performed. In
the following we briefly review two experiments in order
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FIG. 8 Spreading of correlations in a quenched atomic Mott
insulator. (a) A one-dimensional atomic Mott insulator is
quenched to a lower lattice depth. (b) Entangled doublon-
holon pairs emerge at all sites and propagate ballistically in
opposite directions. (c) A positive correlation signal propa-
gates with increasing time to larger distances. The integer d
denotes the spatial separation of the lattice sites for which the
correlations are evaluated. The experiment is in good agree-
ment with numerical simulation for an infinite, homogeneous
system at zero temperature (continuous green line). The
dashed line is a simplified analytical model. From Ref. (Che-
neau et al., 2012).
to highlight the potential of this technique.
In the first experiment to discuss, the propagation
speed of particle correlations in a strongly interacting
quantum gas has been investigated (Cheneau et al.,
2012), see Fig. 8. It has been predicted that in such sys-
tems, a maximal velocity for the propagation of correla-
tions, known as the Lieb-Robinson bound, exists (Lieb
and Robinson, 1972). As a consequence, correlations
spread lightcone-like. The experiment was preformed as
follows: starting from a one-dimensional bosonic Mott in-
sulator, a quantum quench to a lower lattice height has
been used to create doublon-holon pairs, which propa-
gate through the one-dimensional chain. The holon and
doublons are correlated with each other and propagate in
opposite directions. The correlation length between them
thus increases in time. Fig. 8 shows how the correlations
propagate in space, evidencing the existence of a max-
imum velocity. The experimentally determined velocity
agrees well with numerical simulations.
The second experiment is an example for the quantum
simulation of an antiferromagnetic spin-1/2 chain (Simon
et al., 2011) with the help of strongly interacting bosons
in a tilted optical lattice. The model Hamiltonian for
this system is given by
HIsing = J
∑
i
(
SizS
i+1
z − hizSiz − hixSix
)
. (8)
Here, Six and S
i
z denote the spin projection operators
along the x- and z-direction at site i, J is the coupling
strength between nearest neighbor spins and hiz (h
i
x) are
the z(x)-component of the external magnetic field at site
i. In the presence of a constant force, the Bose-Hubbard
model (2) can be mapped on the spin Hamiltonian (8) fol-
lowing the recipe described in Ref. (Sachdev et al., 2002).
Fig. 9 illustrates the microscopic physics on the level of
bosonic atoms in a tilted optical lattice and how effec-
tive spins arise from the interaction blockade between
the atoms. In order to drive the system between the dif-
ferent quantum phases, the tilt, which corresponds to the
externally applied magnetic field, is changed. As a con-
sequence, the system changes from a paramagnetically
ordered state (one atom at each site) to an antiferromag-
netic state (two atoms at every other site). Both phases
can be discriminated with the help of the parity projec-
tion technique.
More experiments on many-body quantum systems
with single atom fluorescence detection techniques in-
clude the observation of string order (Endres et al., 2011)
the realization of algorithmic cooling (Bakr et al., 2011),
photo-assisted tunneling in a strongly correlated Bose
gas (Ma et al., 2011), the study of a ’Higgs’ amplitude
mode (Endres et al., 2012), the observation of magnon
bound states (Fukuhara et al., 2013a), the dynamics of
a spin impurity (Fukuhara et al., 2013b), spin transport
in Heisenberg quantum magnets (Hild et al., 2014), and
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the measurement of entanglement entropy (Islam et al.,
2015). New developments include the simultaneous imag-
ing of two spin states (Fukuhara et al., 2015; Preiss et al.,
2015b), and the imaging of more than one plane of atoms
in combination with spin-resolved readout (Preiss et al.,
2015b).
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FIG. 9 Mapping of the Bose-Hubbard model onto the Ising spin chain. (a) A tilted Mott insulator maintains unity occupancy
until the offset energy between two neighboring sites equals the on-site interaction energy U (∆ ≤ 0). (b) For ∆ = 0 an atom can
tunnel to the neighboring site if the atom on that site has not itself tunneled. (c) Tilting further (∆ > 0), the system undergoes
a transition into a doubly degenerate staggered phase. (d) The system maps onto interacting spin-1/2 particles, whose two spin
states correspond to the two possible locations of each atom. The tunnelling constraint forbids adjacent down spins, realizing an
effective spin-spin interaction. Top row: effective spin pattern. Bottom row: odd/even signature in the fluorescence image. (e)
Phase transition from a paramagnet to an antiferromagnet, driven by the external magnetic field (realized as tilt of the optical
lattice). The two insets show the corresponding fluorescence images for the paramagnet (left, every site is singly occupied)
and anti-ferromagnet (right, no atom or two atoms per site, resulting in the absence of fluorescence). From Ref. (Simon et al.,
2011).
2. Dispersive coupling to a cavity
The interaction of an atom with a light field can be en-
hanced if the atom is located inside an optical cavity. The
interaction with the light field is then described by the
Jaynes-Cummings Hamiltonian (Jaynes and Cummings,
1963)
HJC = ~ω0σ+σ− + ~ωLa†a+ ~g
(
a†σ− + aσ+
)
, (9)
where ω0 is the transition frequency of the atom, ωL
is the cavity frequency, σ+ (σ−) are the raising (lower-
ing) operators of the atom, a† (a) denotes the creation
(annihilation) operator of a cavity photon and g is the
atom-photon coupling strength. The atom-light coupling
leads to the formation of dressed states, which are shifted
in energy. The presence of an atom in the cavity there-
fore shifts the resonance frequency of the cavity and the
transmission of a weak probe beam is changed. This has
been used to detect single atoms outcoupled from a Bose-
Einstein condensate. The subsequent arrival times of the
atoms has allowed, e.g., to measure the atom number
statistics of an atom laser (O¨ttl et al., 2005).
When a Bose-Einstein condensate is located inside the
cavity, long-range interactions between the atoms can be
mediated by the photons in a cavity mode. As the res-
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onator enables the photons to strongly interact with all
atoms, long-range order can build up. In this context, the
Dicke Hamiltonian (Dicke, 1954; Tavis and Cummings,
1968) has been studied (Baumann et al., 2010). It de-
scribes the collective coupling of N two-level systems,
which form a collective spin ~J =
∑
~ji, to a single light
mode. For increasing drive with a laser perpendicular
to the cavity, the system undergoes a phase transition
from a superfluid phase to a self-organized phase. This
phase is characterized by a checkerboard pattern, where
every second site is occupied by an atom. While this
technique has no access to individual atoms of the sys-
tem, the emerging photons from the cavity can be used to
probe the system. In this way, atom number fluctuations
become observable in real time (Brennecke et al., 2013).
The dynamical coupling of atoms to cavities has been
reviewed in Ref. (Ritsch et al., 2013). Ultracold atoms
coupled to a cavity have also been used to demonstrate
many-body entanglement (Haas et al., 2014; McConnell
et al., 2015).
3. Absorption imaging
While optical single atom detection is mainly based on
fluorescence imaging, the detection of large numbers of
atoms is usually done in time of fight absorption imag-
ing. Absorption imaging on the single atom basis is not
a standard technique; however, it should be noted that
it is possible to see the absorption signal of a single atom
(Tey et al., 2008). In the context of quantum gas re-
search, single atom sensitivity has not been reached so
far. However, a careful noise analysis of absorption im-
ages unravels the underlying atom fluctuations. This
has led to the observation of correlations in a bosonic
Mott insulator (Fo¨lling et al., 2005) and anticorrelations
(Rom et al., 2007) in a fermionic Mott insulator state.
While these experiments were performed in time of fight,
in situ detection of atom number fluctuations has been
demonstrated for 2D atomic samples. This has been
used to measure density fluctuations in a Mott insulator
(Gemelke et al., 2009) and to observe scale-invariance in
a two-dimensional Bose gas (Hung et al., 2011).
D. Generalized measurements
The above presented detection techniques can be un-
derstood as a projective measurement of the atom num-
ber distribution. The interpretation of the measurement
result is therefore rather clear. However, the possibility
to continuously observe the system under the influence
of the measurement of a part of the system requires a
more careful description of the detection process. In this
section, we look in the details of the measurement pro-
cess in fluorescence imaging and in scanning electron mi-
croscopy. For the sake of simplicity, we consider a lattice
model. An ideal detection process measures the exact
number of atoms in a given lattice site. It can therefore
be described with von Neumann projectors:
Pˆni = |ni〉i i〈ni| , (10)
where ni denotes the occupation number in lattice site
i. We now assume that all lattice sites are measured
simultaneously. The projection onto a particular realiza-
tion of occupation numbers |{ni}〉 = |n1, ..., nk〉, is then
described by the operator
Pˆ{ni} =
k∏
i
|ni〉i i〈ni| = |n1〉1 1〈n1| ⊗ ...⊗ |nk〉k k〈nk| .
(11)
The density operator ρ of the many-body system is
involved into the mixed state
ρ′ =
∑
{ni}
Pˆ{ni}ρPˆ{ni}, (12)
and the density matrix for a particular outcome of the
measurement with atom distribution {ni} is given by
ρ{ni} =
Pˆ{ni}ρPˆ{ni}
Tr[ρPˆ{ni}]
. (13)
The fluorescence imaging of a many-body system in a
lattice differs from this description as parity projection
limits the outcome of the measurement in each site to the
sub-space {|0〉 , |1〉}. This difference can be captured by
an extended description in terms of generalized measure-
ment operators (Wiseman and Milburn, 2010) for each
site:
Mˆni = |0〉i i〈ni| , ni = even (14)
Mˆni = |1〉i i〈ni| , ni = odd, (15)
The density matrix is then evolved under the measure-
ment in analogy to equations (12) and (13):
ρ′ =
∑
{ni}
Mˆ{ni}ρMˆ
†
{ni} (16)
and
ρ{ni} =
Mˆ{ni}ρMˆ
†
{ni}
Tr[ρMˆ{ni}Mˆ
†
{ni}]
. (17)
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with
Mˆ{ni} =
k∏
i
Mˆni . (18)
The above discussion is rather academic if the system
is not further evolved in time after the measurement.
However, scanning electron microscopy allows for a local
measurement of the occupation number by means of par-
tial atom removal while the remaining system evolves in
time. The action of removing a particle by electron im-
pact ionization (or by any other loss process) corresponds
to the local application of the annihilation operator aˆ.
For a generalization to the detection in continuous space,
see for instance Ref. (Barontini et al., 2013). The rate
at which the atoms are removed from the lattice site de-
pends on the chosen parameters and is denoted by γ. We
assume that the site is illuminated for a short time ∆t.
Two physical outcomes after the time ∆t are possible:
the detection of a particle as evidenced by a click in the
detector or the non-detection of a particle, signaled by
the absence of a detector event. The two corresponding
operators are defined as (Wiseman and Milburn, 2010)
Mˆ1 =
√
aˆ, detection of a particle (19)
Mˆ2 = 1− 
2
aˆ†aˆ non-detection of a particle (20)
with
Mˆ†1Mˆ1 + Mˆ
†
2Mˆ2 = 1, (21)
provided that the probability for the detection of a
particle, given by  = γ∆t, is much smaller than 1. The
density matrix is evolved according to
ρ′ =
∑
i
MˆiρMˆ
†
i = Mˆ1ρMˆ
†
1 + Mˆ2ρMˆ
†
2 (22)
The differential change in the density matrix after the
time ∆t is given by
∆ρ = ρ′ − ρ (23)
= aˆρaˆ† +
[
1− 
2
aˆ†aˆ
]
ρ
[
1− 
2
aˆ†aˆ
]
− ρ (24)
= γ∆taˆρaˆ† − 1
2
γ∆taˆ†aˆρ− 1
2
γ∆tρaˆ†aˆ. (25)
In the limit ∆t → 0, the last equation converts into a
differential equation for the density matrix and takes the
well known form of a master equation in Lindblad form
ρ˙ = Lρ, with (26)
Lρ = − i
~
[H, ρ] +
γ
2
(
2aˆρaˆ† − aˆ†aˆρ− ρaˆ†aˆ) , (27)
where we have additionally introduced a unitary time
evolution under the Hamiltonian H. Locally detecting
atoms is therefore a way to investigate open many-body
quantum systems. For strong enough detection strength,
the non-unitary part of the master equation can dom-
inate the unitary time evolution. The back action of
the measurement process then becomes important and
one enters the regime of the quantum Zeno effect (Fis-
cher et al., 2001; Itano et al., 1990), where the coherent
time evolution is modified by the measurement. In ul-
tracold quantum gases, theoretical studies (Barmettler
and Kollath, 2011; Brazhnyi et al., 2009; Witthaut et al.,
2011) and first experimental work on dissipative (Baron-
tini et al., 2013) and driven-dissipative (Labouvie et al.,
2015a) Bose-Einstein condensates as well as the observa-
tion of the quantum Zeno effect in a three-dimensional
optical lattice (Patil et al., 2014b) show how single parti-
cle detection is connected to the control of open quan-
tum systems. In the weak probing limit, where the
back action of the measurement process can be neglected
(~γ  ||H||), the subsequent detection of the particles
can be used to measure time-dependent correlation func-
tions locally. This has been applied to temporal pair cor-
relations in thermal gases (Guarrera and Ott, 2011) and
one-dimensional quantum gases (Guarrera et al., 2012).
IV. MICROSCOPIC MANIPULATION OF ATOMS IN A
QUANTUM GAS
The spatially resolved manipulation of atoms in a
quantum gas is in many cases directly connected to the
ability to detect atoms locally. The manipulation can be
implemented as density engineering, where atoms from
specific lattice sites or regions are removed from the sys-
tem, or by coherently changing the internal state of one
or more atoms at given locations. High resolution in situ
density engineering has been realized by local removal of
atoms by electron impact (Labouvie et al., 2015b; Wu¨rtz
et al., 2009) or by applying local spin flip operations
followed by the removal of one spin state with an op-
tical push beam (Fukuhara et al., 2013b; Preiss et al.,
2015a; Weitenberg et al., 2011). Density engineering is a
strategy to induce a non-equilibrium initial condition in
a quantum system. The ensuing dynamics after such a
quench allows for the study of the tunneling dynamics of
single atoms (Weitenberg et al., 2011) and strongly cor-
related quantum walks (Preiss et al., 2015a) as well as
many-body transport phenomena such as negative dif-
ferential conductivity (Labouvie et al., 2015b) or driven
dissipative superfluids (Labouvie et al., 2015a). In opti-
cal lattices, the density quench is typically realized in a
frozen lattice, where tunneling is absent. The dynamics
is then induced by lowering the lattice depth to a value
where tunneling sets in (see also II.B.1).
The following example shows how high resolution den-
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sity engineering can be used to study non-equilibrium
dynamics and mass transport in many-body quantum
systems. Fig. 10 shows how a weakly interacting Bose-
Einstein condensate refills an empty lattice site in a one-
dimensional optical lattice with high filling (700 atoms
per lattice site). Because the atoms occupy many radial
modes (ωr = 2pi × 170 Hz, µ = 2pi × 1500 Hz) the re-
filling dynamics is non-trivial. Due to a combination of
intrinsic collisions and non-linear tunneling coupling the
resulting current-voltage characteristics exhibit negative
differential conductivity (Labouvie et al., 2015b).
Spin flip operations of single atoms have been realized
with localized light shifts in experiments employing flu-
orescence imaging (Fukuhara et al., 2013b; Weitenberg
et al., 2011). The already existing optical microscope
is used to overlap an additional addressing beam which
is focused onto the atomic sample by the imaging sys-
tem (Fig. 11). With the help of piezo mirrors, the beam
is scanned across the atomic cloud. The coherent op-
erations are performed as follows: in a first conceptual
step, a pseudo-spin 1/2 system is encoded in two differ-
ent hyperfine states. A convenient choice for rubidium
is |↑〉 = |F = 1,mF = −1〉 and |↓〉 = |F = 2,mF = −2〉.
Transitions between the two hyperfine states are driven
by microwave radiation at a frequency of 6.8 GHz. In
order to select a specific lattice site, a focused laser is
pointed at the particular site (Fig. 11a). The polariza-
tion of the laser beam is chosen such that the two hyper-
fine states experience different light shifts and the tran-
sition frequency between the two states is shifted locally.
Spin flips are then driven by frequency sweeps of the
microwave radiation (Weitenberg et al., 2011) (Landau
Zener transition) or by the application of a resonant mi-
crowave pulse (Fukuhara et al., 2013b). In combination
with a push-out laser beam, spin flip operations are used
to remove atoms from specific sites in an optical lattice
as described above. Local spin flips have been used to
study magnon bound states (Fukuhara et al., 2013a) and
the dynamics of spin impurities (Fukuhara et al., 2013b).
An alternative approach can be realized with a spatial
light modulator such as a digital mirror device (DMD). A
DMD is a two-dimensional array of micrometer-sized mir-
rors (10− 15µm size), which can be individually flipped.
Directly imaging a laser beam, which is incident on the
DMD, onto the atoms (Fukuhara et al., 2013b) or manip-
ulating the intensity in the Fourier plane (Preiss et al.,
2015a) allows for the site-resolved application of addi-
tional light fields at each lattice site. To set the intensity
in the lattice sites smoothly, the DMD is demagnified on
to the atoms such that the signal from many mirrors con-
tributes to the light field at a single site. This approach
has the advantage of addressing several sites at the same
time and can also be used to generate arbitrary potential
landscapes, which can be used, e.g., for building atom-
tronic circuits (Eckel et al., 2014; Pepino et al., 2009) or
applying disorder.
The combination of single atom detection and local co-
herent manipulation allows in principle for a full quantum
state tomography. Experiments with ions have a long his-
tory in this context and have recently demonstrated the
tomography of the quantum dynamics of an 8 qubit spin
system (Jurcevic et al., 2014). Ultracold atoms have not
yet employed such large scale tomography sequences, but
the successful addressing schemes show that this a viable
route.
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FIG. 10 Non-equilibrium dynamics of a Bose-Einstein con-
densate in a one-dimensional optical lattice with 600 nm lat-
tice spacing. The initial density distribution is that of Fig. 5c,
top row. A full site contains about 700 atoms. (a) Micro-
scopic level structure: the chemical potential µ of a full site is
larger than the radial vibrational energy. (b) Temporal evo-
lution of the site occupancy for different tunneling couplings
J . (c) The current-voltage characteristics, which is given by
the derivative of the data shown in (b), shows negative differ-
ential conductivity (NDC). (d) The dependence of the max-
imum current on the tunneling coupling scales quadratically
in J , indicating an incoherent hopping transport. Taken from
Ref. (Labouvie et al., 2015b).
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FIG. 11 Coherent manipulation of single atoms in an optical
lattice. (a) A focussed laser beam creates a differential light
shift for two different hyperfine states, which act as an effec-
tive two-level system. (b) A microwave pulse induces the spin
flip. Taken from Ref. (Weitenberg et al., 2011)
V. FUTURE PERSPECTIVES
The successful detection of single atoms in a quantum
gas has stimulated the research field of ultracold atoms
in the past years. Most notably, fluorescence imaging
has now been extended to fermionic atoms (Cheuk et al.,
2015; Edge et al., 2015; Haller et al., 2015; Omran et al.,
2015; Parsons et al., 2015). In many laboratories, re-
lated approaches to image bosonic and fermionic atoms
with high sensitivity and high spatial resolution are un-
der way and the next years will likely see an explosion of
experimental activities in this direction. The high level
of control that is now available in the experiment opens
the door to an in-depth study of many-body quantum
systems. This includes, e.g., the exploration and charac-
terization of new quantum phases in optical lattices, the
non-equilibrium dynamics of many-body quantum sys-
tems, the investigation of open quantum systems, lattice
physics of bosons and fermions in higher orbitals, the
exploration of novel lattice geometries, the creation and
characterization of topological edge states and interact-
ing many-body quantum walks as well as the creation
of microscopic atomtronic circuits. We close this report
by briefly highlighting three examples where further ad-
vancing the existing technology pushes state-of-the-art
quantum research.
A. Fermionic lattice gases
Directly after the successful imaging of bosonic atoms
in quantum gases, the quest for single atom detection in
fermionic quantum gases started. Five groups have now
successfully imaged single fermionic 40K (Cheuk et al.,
2015; Edge et al., 2015; Haller et al., 2015) and 6Li
atoms (Omran et al., 2015; Parsons et al., 2015) in a two-
dimensional optical lattice with single site resolution (see
Fig. 12). An in depth understanding of fermionic many-
body quantum systems is essential to predict and design
the properties of strongly correlated materials. Their
complex physics is also responsible for some of the most
urgent unsolved problems in condensed matter physics
(Dagotto, 2005), most notably the lack of a proper under-
standing of high-Tc superconductivity. One main reason
for these problems is the antisymmetric wave function of
fermionic many-body systems, which poses severe restric-
tions on the feasibility of numerical simulations (see, e.g.,
the so-called sign problem in quantum Monte Carlo sim-
ulations (Loh et al., 1990)). Quantum gas microscopy of
fermionic atoms will allow for a detailed study of many of
those phenomena with direct access to correlation func-
tions and their dynamics. Such experiments will help to
benchmark theoretical models, ultimately unraveling the
puzzling nature of strongly correlated electron systems.
B. Designing local interactions
Having high resolution optical access to an ultracold
atomic quantum system can be used to create tailored
optical potentials and Hamiltonians with spatially vary-
ing atom-light coupling. The implementation of fully
structured two-dimensional optical potential landscapes
with the help of spatial light modulators (Bowman et al.,
2015; Brandt et al., 2011; Preiss et al., 2015b) allows for
the implementation of atomtronic circuits (Eckel et al.,
2014; Pepino et al., 2009). The same technique can
also be used to locally change the interaction between
the atoms: the discovery of optical Feshbach resonances
(Bauer et al., 2009; Blatt et al., 2011; Bohn and Juli-
enne, 1997; Enomoto et al., 2008; Fedichev et al., 1996;
Fu et al., 2013; Theis et al., 2004; Yan et al., 2013) al-
lows for such a spatial variation of the interatomic scat-
tering length (Yamazaki et al., 2010). Recently, it has
18
10 µm 500 nm0.0
0.5
1.0
Counts (×10
4)
1.5
2.0
y
x
3.0 µm
FIG. 12 Detection of fermionic atoms in a two-dimensional
optical lattice. Top: 40K atoms in a lattice with 532 nm spac-
ing (Haller et al., 2015). Middle: 40K atoms in an optical
lattice with 541 nm spacing (Cheuk et al., 2015). Bottom:
6Li atoms in an optical lattice with 570 nm spacing (Parsons
et al., 2015).
been demonstrated for cesium atoms that the scattering
length around a Feshbach resonance can be locally tuned
with a light field at a particular (also called ”magic”)
wavelength (Clark et al., 2015). In this way, boundaries
between different quantum phases can be investigated,
providing a link to edge states, multilayer structures and
surface science.
C. One-way quantum computing
Single atom detection and manipulation is also ap-
pealing in the context of quantum information process-
ing. Two-dimensional optical lattices with unit filling
have been proposed as a resource for what is known as
one-way quantum computing (Raussendorf and Briegel,
2001). In this approach, a lattice system of single atoms
is initially entangled (Mandel et al., 2003). The quantum
computation task is then performed by sequential local
single-particle measurements in different basis. Thereby,
the need for entangling two-particle quantum gates is re-
placed by the initial global entangling operation. Lo-
cal measurements of the spin state with high fidelity
but vanishing influence on the remaining atoms has not
yet been shown. However, more complex atoms with
metastable internal states or dedicated experimental se-
quences might overcome this problem, thus opening yet
another promising research direction.
VI. SUMMARY AND CONCLUSIONS
The research field of ultracold quantum gases has seen
several breakthroughs in the last decades. Starting from
weakly interacting Bose-Einstein condensates and their
excitation spectrum, quantum phase transitions in op-
tical lattices and strongly interacting fermionic quan-
tum gases have been explored. Molecular condensates
and Fermi gases are also available. The latest develop-
ments include long-range interactions and artificial gauge
fields. Single atom detection has proven to provide un-
precedented insight and understanding of such systems
revealing their microscopic structure, dynamics and cor-
relations. Given the experimental progress over the last
years, we can look forward to many more exciting results
to come.
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